Material erosion data collected during flight experiments such as the Environmental Oxygen Interaction with Materials (EOIM)-III and the Long Duration Exposure Facility (LDEF) have raised questions as to the sensitivity of material erosion to levels of atomic oxygen exposure and vacuum ultraviolet (VUV) radiation. The erosion sensitivity of some materials such as FEP Teflon used as a thermal control material on satellites in low Earth orbit (LEO), is particularly important but difficult to determine. This is in large part due to the inability to hold all but one exposure parameter constant during a flight experiment. This is also difficult to perform in a ground based facility, because often the variation &the level of atomic oxygen or VUV radiation also results in a change in the level of the other parameter. A facility has been developed which allows each parameter to be changed almost independently and offer broad area exposure. The resulting samples can be made large enough for mechanical testing. The facility uses an electron cyclotron resonance plasma source to provide the atomic oxygen. A series of glass plates is used to focus the atomic oxygen while filtering the VUV radiation from the plasma source. After filtering, atomic oxygen effective flux levels can still be measured which are as high as 7x1015 atoms/cm2-see which is adequate for accelerated testing. VUV radiation levels after filtering can be as low as 0.3 suns. Additional VUV suns can be added with the use of deuterium lamps which allow the VUV level to be changed while keeping the flux of atomic oxygen constant. This paper discusses the facility, and results from exposure of Kapton and FEP at pre-determined atomic oxygen flux and VUV sun levels. REPORT NUMBER Environment cosponsored by the Canadian Space Agency and the Institute for Space and Terrestrial Studies, Toronto, Canada, April 25-26, 1996. Responsible person, Sharon K. Rutledge, organization code 5480, (216) 433-2219. 12L DISTRIBUTION/AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE
INTRODUCTION
The qualification of materials for use in space is a challenging task. Testing of material degradation is most reliable when the material can be exposed to its' exact use environment. For materials used in LEO applications, exposure to the exact environment using a flight experiment is difficult to achieve. Long term effects of the LEO environment cannot be easily extrapolated from short duration Space Shuttle missions. Often the exposure is so short for some materials that changes in optical, thermal, physical or mechanical properties are not detectable within the error of the instruments being used to measure the effect. Longer duration free-flyer satellites such as LDEF _ have provided some valuable long term exposure information, but these types of opportunities are infrequent and often the exposure conditions are not within the experimenter's control.
Ground-based test facilities to simulate parts of the environment have been developed in order to provide designers with material degradation information that is more timely.
These facilities when compared to flight experiments also have the advantages of lower cost per exposure and ease oftailorability to the specific environmental conditions of interest.
There are no ground-based facilities to date than can exactly duplicate all of the environmental conditions present in LEO. Many try to accurately simulate one part of the environment such as atomic oxygen, ultraviolet radiation, electrons, or protons. Even these individual mini-environments are difficult to simulate. Some of the most extensive work has been involved with simulating the atomic oxygen environment.
Atomic oxygen is the predominant constituent of the atmosphere between altitudes of 180-650 km. 2 It is created by the photodissociation of molecular oxygen by energetic solar photons. In LEO, the mean free path between atomic collisions is long enough that recombination of atomic oxygen into molecular oxygen is low. The passage of spacecraft through this environment produces a resulting collision with these atoms at energies on the order of4.SeV. 3 This energy is very difficult to physically achieve on the ground. Most simulation facilities produce atomic oxygen which is either more energetic (10's to 100's ofeV) or less energetic (0.04-0.1 eV) than this. Ground based facilities run the gambit from thermal plasmas to energetic directed beams. 4 Microwave energy for the dissociation is absorbed by electrons at the cyclotron resonance condition created at a magnetic field of 875 gauss. The location of the region of plasma generation is determined as the location where the net magnetic field strength is equal to 875 gauss. A side view schematic of the source and vacuum chamber is shown in Figure 1 . The lower magnet is used predominantly to steer the ions that are formed and will affect the flux distribution of both ions and atoms downstream. A quartz liner was installed between the two electromagnets to reduce recombination on the stainless steel chamber walls. Although the microwave power can be changed, the power was set at 1000 W for these tests.
The schematic also shows an integrating sphere internal to the vacuum chamber.
The 3-axis sample positioner shown allows samples to be exposed to atomic oxygen or atomic oxygen in the presence of VUV radiation provided by Hammamatsu deuterium texturing) that were about 1.9 cm wide. In ray tracing back to the chevron, it was discovered that these stripes corresponded to atoms traveling directly down the lower chevron channel which was a little over 2 cm wide. There was some evidence of scattering from the sides of the glass. However, degradation exhibited in regions reached by scattered atoms was much lower. The design of the louvers indicated that the first bounce offofthe glass was most likely specular with the second bounce giving more of a cosine distribution. Samples of FEP and Kapton were exposed at the same time so that the Kapton could be used to determine the effective flux and fluence levels of atomic oxygen present.
Temperature may also have an influence, but it was not a controllable factor during these tests so it was only monitored. Because testing time was limited, two levels (high to indicate the significance of a particular factor. The "F" value is the measure of the mean square error due to the factor &interest divided by the mean square error due to all other factors. It is an indication of the extent to which the spread observed in the data can be explained by a particular factor. The probability or "p-value" is also an indicator of the same thing but it represents the probability that the factor is not significant. P-values of <0.05 (5%) are considered to be statistically significant.
Rgsults and Discussion
Source conditions during exposure, levels of the three independent factors, and the erosion yield of FEP Teflon with respect to Kapton are shown in Table I for each test performed. The atomic oxygen effective flux levels, effective fluence levels, and VUV intensity levels were controlled by changing the magnet current, time of exposure, and installing or removing the VUV blocking apparatus with or without addition of deuterium lamps.
FEP Teflon has been thought to be sensitive to VUV radiation effects due to the potential for VUV induced crosslinking to take place. The data from the directed beam, however, indicates that this may not be the case for the VUV intensity levels used in these tests. For all of the tests performed with 50 SCCM oxygen gas flow, similar relative erosion yields were obtained at the same effective flux and effective fluence levels whether the samples were exposed to 0.3 suns or 150 suns. Regression analysis indicates that for these intensity levels, the probability of relative erosion yield dependence for FEP Teflon on VUV intensity is very low. The F-value was 0.13 (10=0.73 for insignificance). and by eye as an increase in diffuse reflectance. Up to a limit, increased surface area could afford multiple opportunities for incoming atomic oxygen to react through partial trapping. The F-value for this factor was 38.06 (p=0.00027).
Of the three factors studied, this was the only significant factor. The F-value for flux dependence was 2.22 (p=0.18). The R-squared value for the overall fit was 0.83. Although temperature was not included in the model, it did not appear to play a role between 41°C and 143°C.
Four tests were conducted at 70 SCCM oxygen gas flow but were not part of the design model. The results of these tests are interesting because they differ greatly from those performed at 50 SCCM. One effect of raising the oxygen gas flow appears to be a exposure, yet the relative erosion yield is about 20 times higher for the samples exposed in the ground laboratory directed beam compared to that in LEO at similar VUV intensity, effective fluence, and effective flux conditions. The fact that these numbers are so different providesstrongevidence that thereis anotherfactor which affects the erosion yield of FEP in relation to Kapton in the directed beam that has not been considered. Some possibilities in addition to energy are ion population, sot_ X-rays, charged species, metastables or other unknown factors. Until the factor which affects the erosion yield is found, materials with an FEP component will need to have an FEP witness coupon rather than a Kapton one to determine the effective erosion yield.
CONCLUSIONS
Atomic oxygen with various levels of synergistic VUV has been able to be produced over a broad area to enable studies of critical factors for erosion dependencies to take place. By the addition ofa VUV blocking apparatus, and addition of deuterium lamps, levels of VUV intensity ranging from 0.3 to 150 suns could be produced while keeping atomic oxygen effective flux and effective fluence values nearly constant.
Exposure
of FEP Teflon to a matrix of exposure conditions, and concentrating on the factors of effective flux, effective fluence and VUV intensity, allowed the significance of these factors to be determined. It was found that the erosion yield of FEP with respect to
Kapton is not sensitive to VUV radiation intensity over the range tested. It did not appear to be sensitive to effective flux either, but did change slightly with effective fluence. The data obtained at a different gas flow rate for oxygen and space data for FEP indicates that there are still changes in the relative erosion yield that cannot be explained by the three factors that were studied. Other factors present in the facility will need to be investigated for their effect. Until the factor or factors are found that produce these changes, when testing materials of a particular group such as FEP Teflon, it may be best to use a witness sample made of a similar material that already has some space data available. This would enable one to predict an equivalent exposure in the ground based facility. Comparisons of this type between ground based facilities and space enables materials to be effectively screened on the ground where exposure and number of samples exposed can be better 
